Background The acute impact of different types of physical activity on glycemic control in type 1 diabetes has not been well quantified. Objectives Our objective was to estimate the rate of change (RoC) in glucose concentration induced acutely during the performance of structured exercise and at recovery in subjects with type 1 diabetes. (p = 1.00, 95 % CI -7.58 to ?7.53) for RESIST vs. REST. Conclusions Novel RoC magnitudes RoC E , RoC R reflected rapid decays of glycemia during CONT exercise and gradual recoveries immediately afterwards. RESIST showed more constrained decays, whereas discrepancies were found for IHE.
Introduction
Physical activity in type 1 diabetes has complex and dynamic consequences on glucose-insulin regulation. The magnitude of its effect depends on multiple factors, including exercise scheduling, duration and intensity, prior carbohydrate consumption, insulin therapy, pre-exercise glucose levels, and cardiovascular fitness [1, 2] .
In healthy individuals, exercise stimulates suppression of insulin secretion, resulting in increased hepatic glucose production, lipolysis, and reduced peripheral glucose uptake. In type 1 diabetes, excessive therapeutic insulin levels inhibit hepatic glucose production, which is required to meet the glucose demand by exercising muscles, leading to an increased risk of hypoglycemia [3] . Activation of counter-regulatory hormones, which normally contribute to restoration of glucose levels and triggering of neuroglycopenic symptoms during exercise, is reduced or absent [4] . The behavioral response is subsequently compromised, with resulting failure to recognize symptoms and initiate rescue carbohydrate treatment [5] . The glucose-lowering effects of exercise itself, associated with improved peripheral insulin sensitivity, may persist for several hours and hence contribute to hypoglycemia risk [6] .
Continuous exercise of moderate intensity is associated with a greater risk of hypoglycemia in type 1 diabetes [3] . More vigorous activity induces a rise in catecholamines, cortisol, and growth hormone, resulting in hyperglycemia [7] . During recovery in healthy individuals, catecholamines decrease, whereas insulin secretion is increased, resulting in the normalization of glucose levels. In type 1 diabetes, the absence of a rise in endogenous insulin secretion during recovery results in prolonged hyperglycemia [8] and needs specific therapeutic guidelines [9, 10] . Intermittent highintensity exercise (IHE) may be associated with a lower rate of hypoglycemia than moderate-intensity exercise alone [11] . Resistance exercise (e.g. strength/weight training) has been reported not to alter insulin sensitivity after the performance of exercise [12] , which may diminish the occurrence of post-exercise hypoglycemia in type 1 diabetes patients with respect to sustained aerobic activity.
Several studies in literature, for example, Harmer et al. [13] , Braken et al. [14] , and Kilbride et al. [15] , have assessed the impact on glucose levels caused by a range of acute exercise protocols, including different physical activity types. However, there is limited literature comparing these glycemic effects from a quantitative perspective. In this systematic review and meta-analysis, we aim to synthesize quantitatively the acute changes in glucose concentration (and their corresponding rates of variation) induced during exercise sessions and in the subsequent recovery stage, for people with type 1 diabetes.
Methods
This report adheres to current methodological guidelines on the conduct of systematic reviews for randomized controlled trials (RCT) as in the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement [16] and the Cochrane Handbook [17] .
Eligibility Criteria
We included studies that enrolled human subjects with type 1 diabetes, regardless of their age or duration of diabetes. Only acute interventions consisting of a standardized exercise protocol with controlled intensity and timing were considered: exercise in free-living conditions and/or prolonged training programs were therefore excluded. As our main outcome of interest was the acute change in glycemic profiles, eligible studies were required to provide measurements reflecting how glucose concentrations evolved over time: from the start of the exercise session until its cessation, and preferably for a period immediately afterwards (early recovery stage). In a first iteration of the review, we restricted our search by study design to incorporate only RCTs. However, given that all of the primarily eligible trials had a crossover design, we decided to also include non-randomized experiments (NREs), i.e. controlled trials where the allocation procedure (order of treatments/interventions) was not random as it is in an RCT. Within-trial comparisons of the main effect of physical activity on glycemia were established either against a control resting period or with respect to profiles from another type of exercise, this depending on the particular design of each study.
Study Identification and Selection
We searched for candidate studies using PubMed, ISI Web of Knowledge's MEDLINE, Scopus, and the Cochrane Library databases. The search was last updated in November 2013. In the first pass, no publication date restriction was set, but due to difficulty in retrieving the full texts of older articles, we decided to limit the range to year 1992 or later. Search terms included type 1 diabetes mellitus, blood glucose, physical activity and exercise as well as their Medical Subject Headings (MeSH) equivalent terms [18] , the latter when available in the search engine, i.e. PubMed, MEDLINE, and Cochrane. The full detailed electronic search strategy is shown in the Electronic Supplementary Material (ESM) Appendix S1.
Publications were first screened based on titles and abstracts, and then full contents of candidate papers were examined in depth for a definitive selection.
Data Extraction
The main features of selected studies were extracted: study design, participant characteristics, full description of the exercise session (type, duration, and intensity), planned food intake, and/or insulin interventions. In order to quantify the degree of variation of glucose concentration over time due to exercise, numeric data about the temporal evolution of glycemia were extracted by digitizing graphs of population mean glucose profiles. To enable analyses independent of the particular physical activity protocol, we defined a magnitude RoC E to characterize the mean trend of glucose rate of change (RoC) during the performance of exercise. Magnitude RoC E includes
where g represents glycemia measurements: g O glycemia at the onset of physical activity, g E glycemia at the end of a given exercise session whose time duration is t E , and g R is glucose concentration at the end of the recovery period with duration t R (see Fig. 1 for further details). Similarly, Dg denotes total glucose excursions observed between the onset and the end of physical activity (Dg OE ), or between the end of exercise and the termination of recovery phase (Dg ER ). In the formulae, the statistical descriptors sample mean and standard deviation are denoted by m and SD, respectively.
Eligible papers reported mean glucose profiles instead of individualized curves, so no direct information could be obtained regarding the inter-subject statistical variability of the RoCs. To circumvent this issue, we estimated the sample variance for RoC E and RoC R using the sample variances of glycemia in both extremes of the respective intervals and assuming uncorrelated data (see right-hand side of the equations). Given that this review is the first to estimate RoC values, there is no prior reference in literature about correlations between g O , g E , and/or g R . Our assumption of uncorrelated measurements may provide a reasonable estimate for the RoC values to be pooled in the meta-analysis.
Statistical Analysis
Using the DerSimonian and Laird random-effects metaanalysis for difference in means for continuous outcomes, as available in RevMan software [19] , we pooled glycemia RoC E and RoC R values across studies and assessed heterogeneity using the I 2 statistic. We distinguished three types of exercise: continuous physical activity (CONT); IHE, which includes brief bouts of high-intensity sprint-type efforts; and resistance activity (RESIST), e.g. weight lifting.
Comparisons were first established for each exercise modality versus the corresponding resting control periods (REST). Effects of the exercise intervention were computed via within-study differences in means of RoC E , RoC R with respect to the glucose RoC at rest. By accounting for the glycemic temporal profile at REST reference and subtracting it out at a study level, i.e. prior to the pooling, we aimed to mitigate background spurious trends attributable to factors other than exercise in the particular protocol of each experiment. Second, comparisons between pairs of exercise types were performed where appropriate studies were available. An exercise modality-CONT in this case-was selected as reference, and withinstudy differences in mean RoCs were calculated with respect to the CONT reference. Fig. 1 Schematic depiction of magnitudes employed to describe glycemic profiles and compute rates-of-change RoC E and RoC R . Time durations are t E and t R . Population sample mean and standard deviation values were estimated by graph digitization and entered into the meta-analysis. g O glycemia at the onset of exercise, g E glycemia at the end of exercise, g R glycemia after the recovery period, m mean, RoC rates of change, SD standard deviation, Dg OE total glucose excursions during exercise, Dg ER total glucose excursions during recovery Exercise and Type 1 Diabetes: Acute Glucose Change 589
Risk of Bias
To ascertain the validity of candidate publications, we analysed the main indicators for risk of bias in crossover studies [17] : (1) suitability of the crossover design; (2) randomness in the allocation of treatments; (3) presence or absence of carry-over effects; and (4) performing appropriate paired statistical analysis. We assessed publication bias across studies with funnel plots of mean differences to check for possible asymmetries resulting from the nonpublication of trials.
Results

Study Characteristics
Our electronic search yielded 540 unique references (see Fig. 2 ), as well as 54 other items discarded due to our publication date criterion (not shown in the figure). Based on a preliminary screening of title and abstract, 148 references were considered potentially relevant. After full text evaluation, we discarded another 131 studies that did not satisfy the pre-specified criteria to be included in our systematic review. The three most frequent reasons for exclusions were (1) observational and other non-RCT/NRE study designs (e.g. case controls, n = 34); (2) studies that comprised a glucose clamp to maintain glycemia artificially stabilized during exercise while measuring other metabolic phenomena (e.g. peripheral insulin sensitivity, n = 24); and (3) studies that investigated the impact of auxiliary interventions apart from exercise itself (e.g. insulin or diet supplement modifications to accommodate exercise, session scheduling, etc., n = 22) in such a way that trial arms focused on the effect of applying or not these side interventions, instead of comparing exercise against either a REST control reference period or versus a different exercise modality. Of the remaining 17 articles, we decided not to include another eight studies in our meta-analysis due to three reasons that were identified post hoc, namely: (1) in five studies [20] [21] [22] [23] [24] , patients were supplied with rescue dextrose or carbohydrates, which meant that glucose profiles were artificially altered by these emergency interventions; (2) two studies [25, 26] consisted of a single 10 s sprint at the beginning/end of a session and could not therefore be strictly considered to be either CONT or IHE; and (3) one study [27] did not provide any data about inter-subject variability (mean population profiles only were given). During the process of peer review for this report, journal reviewers identified one extra study that fulfilled our inclusion criteria: Yardley et al. [28] . Table 1 summarizes the main characteristics of the final ten publications [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] incorporated in this systematic review and meta-analysis.
Most articles (six of ten) presented glucose data as changes from baseline glycemia, either at the onset of the exercise session [29] [30] [31] 33] or at some other reference instant: 90 min before the start of physical activity [35] or 20 min before the bout [36] .
Risk of Bias
Regarding the randomization of treatment allocations, eight of the ten publications had a crossover RCT design where the chronological order of the experimental/control trial arms was set randomly. Yardley et al. [28] did not comment explicitly on randomization in the order of trial arms and, consequently, random order could not be assumed, whereas Yamanouchi et al. [37] employed an NRE design with fixed order of the trial arms, which may have introduced a period effect to some extent. Table 1 contains a summary of the washout periods in each study protocol, specified by authors in order to avoid (or at least to minimize) the presence of carry-over effects between intervention arms. Most studies required that physical exertions were at least 1 week apart, with some using shorter washouts, although never less than 2 days. Several researchers instructed participants to refrain from any physical activity in the 24-48 h prior to the test [30, 31, 33] or to maintain their usual lifestyle [36] . Three publications did not clearly comment on preceding physical activity [28, 29, 35] . In addition, three protocols [30, 32, 33] checked for the absence of hypoglycemia during the hours or days prior to the exercise sessions and postponed the study in the case of recent hypoglycemic events.
We were unable to compare results from crossover studies against parallel RCTs since none of the latter were found in our literature review. Individually paired statistical analyses were unfeasible here as papers reported only mean glycemic profiles for the study population instead of individual curves for each subject.
The funnel plots (see the ESM, Fig. S1 ) did not show any evidence of asymmetry that may indicate publication bias. However, the number of studies evaluated was insufficient to allow definitive conclusions to be drawn in this regard.
Synthesis of Results and Statistical Analysis
Meta-Analysis
We performed meta-analyses on the within-study differences in RoC E , RoC R means for each of the three exercise types versus a REST control period, detrending temporal changes with respect to the reference REST glucose profile at a study level prior to the pooling.
Results for CONT versus REST (seven studies and 11 comparisons, see Fig. 3 ) show that continuous aerobic physical activity at a moderate intensity was associated with significant reductions in glucose concentration during exercise as compared with resting, as well as with a slight rise after exercise cessation that tended to mildly restore glucose levels during recovery. In the case of the RESIST versus REST comparison (see Fig. 5 CONT based on three studies [30, 31, 33] , and RESIST vs. CONT with one study [28] . For the IHE vs. CONT comparison (see Fig. 6 [28] documented negligible fluctuations of glycemia in the RESIST recovery stage in absolute terms, along with positive recoveries in CONT. Fig. 4 Overall effect on glycemia profiles of intermittent highintensity exercise versus resting control periods. Negative rates-ofchange values indicate glucose decaying more rapidly during exercise than in the corresponding resting period; or conversely, increasing more slowly during the recovery stage. CI confidence interval, REST resting control period, RoC rate of change, RoC E glycemia RoC during exercise, RoC R glycemia RoC at recovery, wrt with respect to Fig. 5 Overall effect on glycemia profiles of resistance activity versus resting control periods. Negative rate-of-change values indicate glucose decaying more rapidly during exercise than in the corresponding resting period; or conversely, increasing more slowly during the recovery stage. CI confidence interval, REST resting control period, RoC rate of change, RoC E glycemia RoC during exercise, RoC R glycemia RoC at recovery, wrt with respect to Fig. 6 Difference in the overall effect of intermittent high-intensity exercise versus continuous physical activity. Negative rate-of-change values indicate glycemia decaying more rapidly; or conversely recovering more slowly, in the intermittent high-intensity exercise sessions than for the continuous bout. CI confidence interval, CONT continuous physical activity, REST resting control period, RoC rate of change, RoC E glycemia RoC during exercise, RoC R glycemia RoC at recovery, wrt with respect to Exercise and Type 1 Diabetes: Acute Glucose Change 593
Meta-Regression
To ascertain the dose/response influence of varying exercise intensity in terms of RoC values, we carried out a post hoc random-effect meta-regression analysis using metareg package in Stata 13 software (StataCorp LP; College Station, TX, USA). Given the reduced number of studies, this was only feasible for CONT activity. Exercise intensity was measured through %VO 2max , i.e. the percentage of a subject's maximal oxygen uptake (VO 2max ). Intensities reported in Jankovec et al. [32] and Soo et al. [36] via heart rate reserve (HRR; 60 and 50 %, respectively) were transformed to their equivalent %VO 2max values (55 and 46 % VO 2max ) based on previous studies [38, 39] . For Yamanouchi et al. [37] , we imputed an intensity of 20 % VO 2max as corresponding to the range 90-110 beats per minute [40] . Figure 8a depicts a moderate dependency of RoC E with respect to physical activity intensity, with regression slope -0.0200 mmol/L h -1 per unit of %VO 2max , although not statistically significant (p = 0.69). This negative slope manifests more pronounced-i.e. faster-decay rates in glycemia associated with more vigorous CONT exercise in the range of intensities covered by the included studies (20-75 % VO 2max ); whereas milder exertions produce decays of a lesser absolute magnitude, hence slower glycemic decrements. Conversely, Fig. 8b shows how glycemia tended to recover more rapidly after more vigorous CONT bouts, with a positive regression slope equaling ?0.0117 mmol/L h -1 per unit of %VO 2max (p = 0.87, not significant) in the range of intensities covered by our analysis.
Discussion
Summary of Findings
This systematic review and meta-analysis aggregated results from ten studies to evaluate the acute impact of various types of structured exercise sessions on the glucoregulatory balance in people with type 1 diabetes. To our knowledge, this is the first published report quantifying the effects on glycemia by means of RoC measures, both during exercise and in the immediate recovery stage. Average RoC values during exercise and recovery phases, as well as their corresponding 95 % CIs, were estimated by detrending within-study glycemic variations over time with respect to resting reference profiles. Sub-analyses between specific exercise categories were also conducted.
We found that, during CONT exercise at moderate intensities (range 20-75 % VO 2max ), glucose concentration declined at a rapid rate when compared with resting periods (RoC E {CONT vs. REST} = -4.43 mmol/L h -1 on average) and slowly reverted after the bout concluded (mean RoC R {CONT vs. REST} = ?0.70 mmol/L h -1 ). These results are in reasonable concordance with RoC during exercise as reported by Dubé et al. [20, 21] before rescue dextrose was infused intravenously in their experiments. In particular, Dubé et al. [20] documented RoC E equaling -4.8 ± 1.2, -6.3 ± 1.2, and -3.6 ± 0.6 mmol/ L h -1 (expressed as mean ± standard error of the mean [SEM]) for trial arms with 0, 15, or 30 g of carbohydrate supplements pre-exercise, respectively; whereas Dubé et al. [21] reported RoC E values of -9.6 ± 2.4 and -6.0 ± 1.2 mmol/L h -1 (mean ± SEM) for their early and late postprandial exercise arms.
Decreases in glycemia for RESIST physical activity were milder than in the case of CONT exercise, both with respect to REST reference (RoC E {RESIST vs. REST} = -2.61 mmol/L h -1 on average, against mean RoC E {CONT vs. REST} = -4.43 mmol/L h -1 ); and in the direct comparison (RoC E {RESIST vs. CON-T} = ?2.86 mmol/L h -1 ). Likewise, recovery rates were slower for RESIST.
In the case of IHE exercise, discrepancies arose for the quantitative comparisons. RoC E values calculated with respect to REST reference, based on two studies, yielded very pronounced decays (RoC E {IHE vs. REST} = -5.25 mmol/L h -1 on average) versus the comparatively lower absolute values for CONT (mean RoC E {CONT vs. REST} = -4.43 mmol/L h -1 ); whereas analyses of IHE directly versus CONT indicated slower glucose decreases for IHE (RoC E {IHE vs. CON-T} = ?1.57 mmol/L h -1 ), based on three studies.
Strengths and Limitations
We performed a comprehensive systematic literature review, identifying ten studies as relevant to our metaanalysis. Of note, we presented a novel methodology to evaluate quantitatively acute trends in glycemia by approximating variations in linear segments and by computing average RoC for exercise and recovery stages. By recording fluctuations in the reference profiles and subtracting them out at a study level prior to the pooling, we aimed to mitigate background trends due to factors other than exercise itself in each particular trial, and hence reduce bias. Three exercise types were included, namely, continuous physical activity at moderate intensity, IHE, and resistance exercise. Limitations to this analysis need to be considered. First, our meta-regression to ascertain the dose/response relationship to varying exercise intensities in RoC E for CONT showed more pronounced decays for increasing load. This conclusion should nonetheless be restricted to the range of intensities under analysis here (20-75 % VO 2max ), i.e. moderate exertion. Very vigorous exercise ([80 % VO 2max ) has been reported to induce post-exercise hyperglycemia in type 1 diabetes due to catecholamine responses causing 7-to 8-fold rises in glucose production that are not matched by glucose utilization, which increases 3-to 4-fold [47] [48] [49] .
We encountered a quantitative discrepancy regarding the magnitude of exercise effects on RoC E for IHE as compared with CONT. In the analyses with REST as reference (see Fig. 4 Fig. 3 ). Conversely, the direct confrontation (see Fig. 6 ) resulted in RoC E {IHE vs. CONT} = ?2.86 mmol/L h -1 (95 % CI -1.49 to ?7.20; I 2 41 %), with three studies involved; hence pointing to a slower decline in glycemia for IHE than for CONT (p = 0.15, not significant). The scarcity of available studies involving IHE (four in total [29] [30] [31] 33] , with Iscoe and Riddell [31] presenting REST, CONT, and IHE trial arms) may explain this shortcoming to some extent. We also encountered statistical heterogeneity (I 2 53 % for RoC E {IHE vs. CONT}) and a substantial methodological diversity among study protocols; in particular, in the definition of the IHE session. Guelfi et al. [29] utilized intermittent 4 s short bursts by maximal sprints every 2 min, with subjects remaining seated without physical activity between sprints-i.e. passive recovery. In another study [30] , the same investigators defined a different protocol, in which periods between maximal sprints corresponded to sustained physical activity at 40 % VO 2max . Maran et al. [33] utilized submaximal sprints (85 % VO 2max ) with a duration of 5 s and repeated every 2 min. In an even more diverse protocol, Iscoe and Riddell [31] compared CONT at sustained 55 % VO 2max versus IHE with sustained 50 % VO 2max plus 15 s maximal sprints every 5 min, aiming for identical mechanical work for both tasks. Regarding glucose variations, Guelfi et al. [30] documented a greater decline in absolute terms-i.e. not accounting for RoCsfor CONT (-4.4 ± 1.2 mmol/L in 45 min, mean ± SD) versus IHE (-2.9 ± 0.8 mmol/L), with statistical significance (p = 0.006); whereas Maran et al. [33] observed glycemia values that tended to be higher after IHE, but not significantly so. Conversely, Iscoe and Riddell [31] reported virtually identical glycemic profiles throughout the CONT and IHE bouts and in recovery until 2 h 15 min post-exercise, with noticeable differences in nocturnal levels: increased risk of nocturnal hypoglycemia\4 mmol/ L in the CONT trial arm (two hypoglycemia events per night in REST, compared with five events in CONT and three in IHE). Interestingly, these findings manifestly contradict those by Maran et al. [33] , who reported two Exercise and Type 1 Diabetes: Acute Glucose Change 595 nocturnal hypoglycemia events \3.33 mmol/L in CONT, against seven events for IHE (p \ 0.05). In summary, evidence appears to be conflicting in literature regarding IHE effects in type 1 diabetes; further research in this direction may be needed. We found a number of studies that, had we incorporated them, may have increased the statistical power of our analyses. However, we decided not to do so due to a dissimilar approach in these articles [41] [42] [43] [44] [45] [46] , which focused on determining the effectiveness of auxiliary interventions to manage glucose excursions caused by exercise: modifications of insulin regimes to accommodate exercise (insulin analogs [41] , pump cessation [42] , bolus reductions [43] , etc.) or food supplementations [44] [45] [46] . Given the aim of these experiments, the auxiliary intervention was either applied or not, but subjects exercised in both trial arms. Therefore, we could not have subtracted inherent within-study background spurious trends in glycemia to avoid introducing bias.
Several other aspects of potential relevance were not accounted for in our analyses. Method for glucose measurement is one of these variables. Blood sampling, used in seven of ten studies [28, [32] [33] [34] [35] [36] [37] , constitutes the most accurate and reliable technique. Capillary samples, which were obtained in two studies [29, 30] , are more prone to error and delays than venous blood determinations. It should be noted that Guelfi et al. [29, 30] also collected venous blood samples, but these were used to measure free insulin, glucagon, growth hormones, etc., not to determine glycemia. The third alternative, continuous glucose monitoring (CGM), has, in principle, lower accuracy than venous or capillary measurements. Nonetheless, it was the technique of choice for Iscoe and Riddell [31] . Yardley et al. [28] used CGM in addition to blood samples, in order to assess the accuracy achieved by CGM sensors under exercise circumstances. However, the data from Yardley et al. [28] included in our meta-analysis were obtained from blood measurements only. According to Yardley et al. [28] , CGM underestimated plasma glucose considerably at REST (-1.29 ± 1.39 mmol/L, mean ± SD, p \ 0.001), to a lower extent during RESIST (-0.71 ± 1.35 mmol/L, p \ 0.001) and with non-significant errors during CONT exercise (-0.11 ± 1.71 mmol/L, p = 0.416). On the contrary, CGM was associated with substantial errors during exercise for pregnant women with type 1 diabetes [50] (18.4 % error with respect to plasma glucose during exercise-brisk walking-vs. 11.8 % at rest, p \ 0.001). Of note, the study by Kumareswaran et al. [50] reported results consistent with our meta-analysis: a decay of 24.6 % in terms of relative RoC for exercise vs. 12.3 % in sedentary situations (p \ 0.001).
Glycemia level at the onset of the physical activity session may have also acted as a confounder. Jenni et al.
[51] conducted a glucose clamp experiment and showed that the rate of carbohydrate oxidation was higher in exercise performed under hyperglycemia conditions, whereas lipid oxidation was higher in the euglycemia clamp. Consequently, more pronounced falls could be expected if physical activity was commenced with high glucose values. This was the case for the majority of the included studies, for which exercise took place with concentrations around 10 mmol/L or above: Soo et al. [36] (approximate range 12-13 mmol/L), Rabasa-Lhoret et al. [35] (50 % VO 2max trial arm [10.7 ± 0.7 mmol/L, mean ± SEM]), Yamanouchi et al. [37] (*10 mmol/L pre-prandial and *15 mmol/L post-prandial), Peter et al. [34] (approximate range 11-12 mmol/L), Guelfi et al. [29] (10.9 ± 1.9 mmol/L for REST and 11.0 ± 1.8 mmol/L for IHE, mean ± SD), Guelfi et al. [30] (11.0 ± 2.3 mmol/L for CONT and 11.5 ± 3.9 mmol/L for IHE, mean ± SD), and Yardley et al. [28] (CONT trial arm [*10 mmol/L]). Other studies commenced at more restrained glycemia levels: Jankovec et al. [32] (approximate range 7-8 mmol/ L), Rabasa-Lhoret et al. [35] (8.8 ± 0.55 mmol/L for their 25 % VO 2max trial and 8.5 ± 1.3 mmol/L for 75 % VO 2max , mean ± SEM), and Yardley et al. [28] (RESIST trial arm *8.5 mmol/L). Information in this regard was not provided in Maran et al. [33] , whereas Iscoe and Riddell [31] mentioned an absolute fall of approximately -5 mmol/L and *50 % relative decay, although data were not reported explicitly in either text or graphs. The most marked decay rates among the included publications were reported, in this order, by Yamanouchi et al. [37] (postbreakfast exercise trial arm), Rabasa-Lhoret et al. [35] (50 % VO 2max trial), Peter et al. [34] , Rabasa-Lhoret et al. [35] (75 % VO 2max trial), and Yardley et al. [28] (CONT). In view of these data, there does not appear to be an evident direct relationship between the highest blood glucose concentrations at exercise onset and the most substantial RoC E values.
Plasma insulin concentrations during exercise may have also had an important role in the glucoregulatory response and have impacted our analysis as a confounder. In a euglycemia clamp experiment (glucose fixed at approximately 8 mmol/L) under two hyperinsulinemic regimens at different levels (plasma insulin at *150 or *540 pmol/L, corresponding to typical pre-and postprandial concentrations in patients with type 1 diabetes), Chokkalingam et al. [52] studied whole-body and muscle metabolism in exercise. Markedly higher exogenous glucose utilization was observed in the trial arm at 540 pmol/L. However, the amount of muscle glycogen utilized in both situations was similar, and carbohydrate oxidation rates were only around 15 % more in the trial arm with the highest insulinemia. Consequently, the influence of distinct plasma insulin levels in otherwise equivalent exercise conditions remains unclear, as outlined by Chokkalingam et al. [52] . Regarding the studies included here, three articles [28, 31, 33] did not provide experimental data on insulin concentration. In the following three cases, patients exercised at levels lower than both conditions in Chokkalingam et al. [52] : Jankovec et al. [32] (average insulinemia *80 pmol/L and great inter-subject variability, without statistical differences versus REST); Soo et al. [36] (basal 84 ± 18 pmol/L, mean ± SEM; authors reported no significant correlation between basal free insulin and glycemic response); and Yamanouchi et al. [37] (pre-prandial trial arm [55.3 ± 21.5 pmol/L, mean ± SD]). Peter et al. [34] documented an average plasma insulin of *300 pmol/L during both REST and CONT, without statistical differences between trials in terms of area under the curve for insulinemia (p = 0.116). Physical activity bouts in the remaining studies took place with values comparable to the 150 pmol/L selected in Chokkalingam et al. [52] : Rabasa-Lhoret et al. [35] (insulin bolus 90 min prior to exercise onset, peak insulinemia at 188.5 ± 28.0 pmol/L, mean ± SD; peak occurring 30 min pre-exercise), Yamanouchi et al. [37] (postprandial trial [insulin bolus 90 min prior to exercise onset, peak at 231.9 ± 162.3 pmol/L, mean ± SD]), Guelfi et al. [29] (IHE exercise commenced at 198.1 ± 148.0 pmol/L, mean ± SD; no statistical difference with respect to REST), and Guelfi et al. [30] (IHE and CONT exercise commenced, respectively, at approximately 160 and 140 pmol/L; no statistical differences in insulinemia profiles at any point of exercise or recovery).
We did not consider time of the day at which exercise was performed, although it may have also influenced outcomes. In a euglycemic clamp in which exercise was performed in the afternoon (4 p.m.), MacMahon et al. [53] showed that glucose infusion rates necessary to maintain stable glycemia peaked in a biphasic manner: during exercise and early recovery, plus in the night afterwards (midnight to 4 a.m.). Conversely, in an otherwise equivalent design with exercise performed at midday, Davey et al. [54] did not observe the same biphasic behavior in the glucose infusion rates, which were elevated for 11 h postexercise. It is difficult to draw solid conclusions in this regard from the included studies: all but three experiments were carried out in the morning; with the exceptions of Maran et al. [33] (exercise at approximately 2 p.m.), Iscoe and Riddell [31] , and Yardley et al. [28] (both at 5 p.m).
Only five of the included studies provided explicit information on participants' degree of fitness or prior physical training status (see Table 1 ). This aspect may have had an effect on the glucoregulatory response, including glucose uptake into skeletal muscle, even at a fixed relative intensity-i.e. the same %VO 2max [55] . Moreover, the population studied by Guelfi et al. [29] consisted of adolescents, whose hormonal response to physical activity may differ from that of adults [56] .
Implications for Practice and Research
Better understanding of the acute glycemic effects of physical activity is of considerable importance to clinicians and patients with type 1 diabetes aiming for a tighter management of acute, exercise-related glucose excursions. Currently, guidelines for exercising with type 1 diabetes are based on small studies or observational evidence.
Our systematic review confirmed the known glucoselowering effects of moderate physical activity under various circumstances. Uniquely, we quantified trends in blood glucose by means of two RoC magnitudes: RoC E , RoC R during and after exercise. Quantitative information presented here (mean RoCs and 95 % CIs) may be useful when advising patients on strategies to maintain optimal glucose control and avoid post-exercise hyperand especially hypoglycemia, improving safety and quality of life for physically active people with type 1 diabetes.
Our review also identified the lack of parallel controlled studies comparing physiological responses to different exercise categories. In addition, we encountered conflicting evidence regarding effects of IHE physical activity in subjects with type 1 diabetes. More homogeneous IHE exercise protocols (particularly in terms of sprint duration, frequency of repetition, and intensity) and further research may be needed.
Comparison with Previous Reviews
Tonoli et al. [57] recently analysed the overall effect on glycemic control of a single bout of physical activity, based on the pooling of 15 acute exercise studies: nine aerobic and six IHE. Authors also surveyed the impact on glycosylated hemoglobin (HbA 1c ) of regular/chronic training for up to several months. In this study [57] , Cohen's d statistic was used as the main outcome to characterize the glucoregulatory impact of physical activity. Overall, Tonoli et al. [57] reported substantial decreases in venous glucose levels due to acute aerobic exercise in adults (-6.0 mean Cohen's d value; 95 % CI -6.87 to -5.14), these reductions being considerably larger than those for acute IHE activity (-4.35; 95 % CI -6.41 to -2.65 for Cohen's d). While these results from this study [57] are in qualitative agreement with our findings, quantitative comparison with our work is not feasible because Cohen's d is a dimensionless measure that reflects the average difference in a relative manner, i.e. normalized by the SD in each study [58] . In contrast, and as a major novel contribution of this review, we addressed glucose variations in absolute terms via the RoC E , RoC R RoC. We considered these RoC magnitudes (expressed in tangible units: mmol/L h -1 ) to be a more accessible, straightforward estimation of exercise-related glucose dynamics, and hence more easily translated into clinical practice and patients' self-management. In addition, we extended the analysis by Tonoli et al. [57] of glucose dynamics by incorporating variations during the early recovery stage.
Tonoli et al. [57] agree with our discussion regarding the limitations of available literature, pointed out the difficulty in pooling studies due to marked discrepancies in terms of exercise protocols, and advocate for more standardization and broader samples of subjects.
Conclusions
In this review we conducted a quantitative analysis of the acute impact of physical activity on the glucoregulatory system in type 1 diabetes, by means of novel RoC magnitudes to characterize numerically how glycemia varies during exercise and immediately afterwards (early recovery). We found that, for CONT at moderate intensities, glycemia declined rapidly at an average rate of RoC E {CONT vs. REST} = -4.43 mmol/L h -1 and mildly recovered at RoC R {CONT vs. REST} = ?0.70 mmol/ L h -1 . RESIST showed more constrained average decays and recoveries than CONT, RoC E {RESIST vs. CONT} = ?2.86 mmol/L h -1 and RoC R {RESIST vs. CONT} = -2.40 mmol/L h -1 ; whereas discrepancies were encountered regarding the magnitude of IHE decreases in glycemia with respect to CONT, either directly compared or via the REST reference.
